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CHAPTER 1 

INTRODUCTION 

1.1. 'General Considerations and Requirements 

a t  the M.I.T. Aerophysics Laboratory ind ica ted  the need for  
a s m a l l  subsonic wind tunnel which would be s i m p l e  to operate 
a d  could simulate the aerodynamic loads (similar dynamic. 
pressure)  on inodels tested i n  t h e  supersonic (M = 4.25)  

f a c i l i t y .  The imiiediate advantage of such a wind tunnel 
would be to  provide t h e  i n i t i a l  opera t iona l  experience w.d 

evaluation of the-magnetic balance a t  a considerably reduced 
'operat ing cost. The goal i n  t h e  construction of t h i s  w i r i d  
tunnel w a s  t o  incorporate i n t o  i t s  design as many desirable 
features as possible  i n  order t o  m a k e  it a high ef f ic iency ,  
l o w  turbulence wind tunnel for  general  laboratory use. 

The p r inc ipa l  geometric requirement for t h e  t uve l  w a s  

1 The evolution of the second generation magnetic balance 

.. 

t h a t  the  test sec t ion  be compatible with t h e  magnetic 
balance "test" region. This  limited the  maximum test sec- 
t i o n  s i z e  t o  7 1/2 inches i n  diameter. 
area i n  which the wind tunnel would be'located restricted t h e  

I n  addi t ion,  t h e  

'overa l l  tunnel  length t o  less than 35 feet. .?in open circiiit 
tunnel configuration w a s  chosea both f o r  s impl ic i ty  i n  
construct ion as w e l l  as the  reduction i n  overall s i z e  by 
oaiss ion  of t h e  flow re turn  duct.  
i n  a closed c i r c u i t  wind tunnel design is t h e  addi t ion of a 
method f o r  cooling the air i n  t h e  tunnel  c i r c u i t  . 
t h i s  tunnel w a s  t o  be i n s t a l l e d  i n  a reasonably large tes t  
rooin, this asaect of  t h e  design was wn'ecessary. 

A p r a c t i c a l  consideration 

2 S i n c e  
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The dynamic pressure in the test section was originally 
chosen to be 1.5 p.s.i. as a basis for power requirement and 
performance calculations . This value corresponded to the 
xzaximun dynaiic pressure of the Hypersonic Flow Appratus 
at XASA Langley at which a magnetic balance installa" L i ~ n  was 
proposed. 
&&e maximum tunnel dyr,amic pressure was extended above t3is 
value for the particular fan and PO: sr plant selection that 
mtched the calculated wind tunnel requirements. 

From these calculations aid cost considerations 

1.2 Comp9nents of an Open Circuit Wind Tunnel 
The principal parts of an open circuit wind tunnel are 

A fuiictional description of the various shown in figure 1. 
components follows. 

section and should consist in part of a large co~stant area 
region known as the stilling section, This is followed by 
a contraction section, where the flow is accelerated to i ts  
maximum value at the test section. The stilling section, 
because of the low flow velocity in it, is a practical loca- 
tion f o r  placing screens and honeycomb to reduce the flow 
irregularities which eventually go through the test section. 
The contraction section should create a continuously increas- 
ing flow *.-docity along its length. 

region of maximum tunnel velocity-and is where models 
are normally tested. 
as provide viewing access to the model being tested. 
desirable to obtain uniform steady flow velocity along the 
test section length and a minimum variation of the axial 
velocity across the test sect: m. 

should be decelerated as efficiently as possible in orCex to 
minimize the loss of flow kisstic energy. Particalar effor t  
should be sade t o  &void flow separation.in the Siffuser,  wSich 

i., Effuser. The effuser is located ahead of the t e s t  

ii.) Test Section. The test section should be the 

It should be easily accessible as well 
It is 

iii.) Diffuser.  Downs: --...am of the test section the :low 
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c a  jaarkedly decrease its efficiency sad affect the overall 
tu;-J,el performance. 

usually consists of a fan driven by an electr'ic motor. 
provides the necessq pressure rise to overcome &the loss in 
pressure i n  the tunael circuit. The proper choice of fan 
and notor is required in ordex to  obtain ezficienf tunnel 
oprcation. 

iv . )  Power Plant. For subsonic tmnels the power plant 
It 

. 



WIND T'ANEL DESIGN CONSIDERATIONS 

2.1 Power Requirerents 

wind tunnel  is equal to the total losses occurr ing i n  the 
f low through the tunnel. These losses are due t o  k i n e t i c  
energy being d i s s ipa t e6  by v o r t i c i t y  and turbulence. The 
loss i n  k i n e t i c  energy, which appears as a decrease i n  tots 
pressure,  must be cozipensated by a pressure rise, usual ly  
provided by a fan, Thus, i f  the p o w e r  i npu t  to the fan is 
P (i-e. motor shaft output) and the fan has an ef f ic iency  rl 8 

t he  equation balancing the energy input  to the stream to t h e  
energy losses in the tuxanel is 

&e p o w e r  required to Poaintain steady flow through the 

As has been pointed o u t  i n  reference 2, the tunnel can be 
divided i n t o  sec t ions  with the energy loss of each sec t ion  
wr i t t en  as a drop i n  pressure Ap or a pressure drop 
c o e f f i c i e n t  ki = A P . / s  where qo is c ~ s t  sec t ion  iynaxfc 
pressure (1/2 poVo ). 

is 

3 The f l o w  efiergy through t h e  test s e C i i 0 ; l  

The energy loss i n  each tunnel sec t ion  is 
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Substituting equation (2.1) 

Tne continuity equation is 

w h i c h  gives 

PO 
'i 

For subsonic flow w i t h  M < 9 4, - = 1 ( w i t h i n  19) and 
epation 2.1 becows 

Tfie required power for a given test section s i z e  and 
flow conditions depends on the suin'oZ the pressure drop 
c o e f f i c i e n t s  ( K , )  in the various t u n e 1  sections. A reduc- 

A -  
tSon i n  these coefficients 
A q\;uatity re.lating to the 
ratio defined i n  reference 

improves the tunnel efficiency. 
tunnel perfo,mmce is the eaerw 
3 as 

and is a measure of the tunriel efficiency. 
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2.2 Calculation of Pressure Losses Due to  Skin Fr ic t ion  
The methods for predic t ing  p res swe  losses i n  ducts due 

to skin f r i c t i o n  have been w e l l  doc-ted i n  the l i t e r a t u r e  . 
Experinental .values of sk in  f r i c t i o n  coe f f i c i en t s  are avail- 
able for various w a l l  roughnesses snd 'rhereby eiizble accurate 

4 

estioater of pressure losses to be made. The pressure l o s s  
for a circular cyl inder  can be determined by the following 
formula:. 

i2.10) 

The f r i c t i o n  coefz ic ien t  A is general ly  tabula ted  as a 
function of t h e  Reynolds nuulber. Th i s  i s  shown in figxre 2. 
I n  the case of a non-circular cross  section one can def ine  
a hydraulic diameter Dh = - 4A where A is  the cross sec t iona l  C 
area and C is t h e  wetted perimeter. 
ex3erimentally4 t h a t  using t he  hydrsul ic  diameter f o r  non- 
c i r c u l a r  cross  sections gives  good r e s u l t s  w i t h  laws for 
circular pipes in t h e  turbulen t  resiraie ( R e  > 2000). 

It has been shown. 
. 

Pope' has shown t h a t  both w a l l  f r i c t i o n  and expansion 
losses occur i n  divergent sect ions.  %%e combined losses f o r  
a constant  divergence angle a are 

where D, = s m a l l  diameter, D, = l a rge  diameter, Do = test 
A I 

sec t ion  diameter. Di f fe ren t ia t ion  
to an optimum'ex2ansion when 

of equation (2.11) leads 

(2.12) 
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2.3 Additional Pressure Losses 
A s i d e  from skin f r i c t i o n  losses in the tunnel c i r c u i t ,  

DmDinq Screens. W i r e  screens, which are ased for +he 
the following losses occur. 

,-e?: :tion of. turbulence,  produce losses i n  pressure which 
ax dependent on the  screen nesh s i z e  and dia- i te r  of w i r e  
used. Pressure drop coef f ic ien ts  for  coxmercially avai lable  
w i r e  screens are measured as t he  ratio of the pressure loss 
through the screen to the local d y n d c  pressure. Pressure 
loss coeff ic ient  data for various screens is shown i n  
f i g .  re 3. 

somtiines used f o r  redxction of turbulence, par t icu lar ly  
5 tra3sverse veloci ty  Fluctuations. Roberts has measured 

boneycozrb losses to be approximately 0.20  tines the local 
dyfimic pressure. T h i s  value i s  consiCerably l o w e r  '&an the 
r corPrnended pressure loss coef f ic ien ts  f o r  screens. 

- 

Iloneycomb. In  addi t ion to  screens,  honeycomb is 

. DiEfuser Exit. For an open c i r c u i t  tunnel an addi t ional  
pressure loss results from the discharge of t he  flow k ine t i c  
ea?rgy a t  the  tunnel exit. The loss is j u s t  equal t o  the  . 

d y n a i c  pres.cL;e a t  t h e  d i f fuse r  e x i t .  
C o m e r s .  Losses t h a t  occur at corners o r  where the flow 

turns can be computed by methods described i n  references 2 and 
3 which give values of. pressure drop coef f ic ien ts  f o r  various 
types of turning vanes. I n  open c i r c u i t  tunnels,  corners 
are not  advis;\b.?e unless t h e  available space is l imited.  

section i 
ment ri'her than a pressure loss. 
ove=@oii~ the drag of a node1 i n  the  tunnel is 

b 

hfodel pr5. The e f f e c t  of a model placed i n  the tes t  --. - 
bsually considered as an addi t ional  power require- 

The power required to 
3 

(2.13) 



'where S is the M e 1  area on which the drag.coefficient;-CD; 
is based. The factor E allows for the add i t iona l  power 
requir-ts due to the in te r fe rence  of the model on the 
f l o w  i n  and downstre- of the working sect ion.  
is norinally on the order of 1 but  can be as high as 1 0  i n  
s o w  cases. 

This factor 

2.4 Effects  of Wind Tuxme1 Coinpnent Geometry on the Power 
- Required 

The required p o w e r  for a specified test sec t ion  s i z e  and 
dynamic pressure can be varied by a l t e r i n g  the georzre'ay of 
the remaining wind t u n e l  components. Since &&e t e s t  s e c t i o n  
area and l ength  for the proposed tunnel  w e r e  fixed by geoiaet-  
rical  cons t ra in ts ,  the efLCect of various e f f u s e r  a d  diffuser 
5eo;;;etries on the power required were analyzed. 
s ec t ion  conditions w e r e  khe following: 

Area = 32.6 sq. in. 
Length = 36 in. 
Dynamic Pressure = 1.5 pounds per square inch 

Tine test 

a,) Contraction Section Losses 
The losses i n  the contract ion sec t ion  are due to 

skin f r i c t i o n  and can be computed fron formula (2.10). 
Assuming a . cons t an t  t ape r  for the contract ion and i n t eg ra t -  
iag gives 

(2.14) 

where Lo is the length ,  Do the test sec t ion  diameter a d  
Di the i n l e t  cone diameter. 
t i o n s  one can replace the diaeters  with the hydraul ic  
diameter defined in sec t ion  2.2. The r e s u l t s  obtained for 

Note &hat for non-circular sec- 

2 . Di 
various contract ion ratios .- are shown i n  figwe 4 for 2 .  0 .  

0.  

both constant  length aiid Lo a 2Di. The contract ion cone 
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length is normally chosen t o  be t w i c e  the i n l e t  diameter. 
This  choice gives a - m h i m x r  -value -"of .'loss =&f ficienteafoS a 
30 : 1 contraction ratio. 

b.) Diffuser Losses 
The diffuser losses are due t o  both skin f r i c t i o n  

and expansion. 
the d m u m  divergence angle should be approximately So 

total  angle . This value agrees w i t h  the optinurn expar,sion 
a g l e  (equation (2.12)) €or a frictioa -factor A- = 0,011. 
Calculations of pressure loss coe f f i c i en t s  w e r e  =de for a 
So divergence angle diffuser using eqazatioa (2-11). The 
addition of exit losses results in a to ta l  d i f fuse r  loss- 
coeff ic ient  equal t o  

In  order to avoid separation i n  the d i f fuse r ,  

2 

w i e r e  De is the diffuser exit diameter. 
coeff ic ients  for various exit diaxeters  are shown i n  
figure 5. 
decreases a t  a reduced rate w i t h  increasing e x i t  diameter 
above an exi t 'd iameter  of approximately 20 inches. 

Pressure loss 

It can be seen that  the pressure loss coe f f i c i en t  

c.) T e s t  Section Losses 
The test sect ion loss coef f ic ien t  for a constant 

area section using equation (2.10) and a mean value of t h e  
f r i c t i o n  factar reduces to . 

(2.16) 

For the test section design chosen a t  a dynamic pressure of 
1.5 lb/sq i n ,  the pressure loss coef f ic ien t  is 

(2.17) 
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. de)- S t i l l i n g  Sect ion Losses 
The losses in &he- s t i l l i n g  are primari ly  due to. 

screens used for turbulence reduction. The reconmended 
screen nesh should give a pressure loss equal to twice "de 

local &pan& pressure ( s e e  sec t ion  2 . 5 ) .  Here, agsh,  the 
m a t r a c t i o n  ra t io  affects the total  wind tunnel pressure loss 
due ?a t h e  screens. Tor a Given choice of pressure 
loss roefficient k ,  the tunnel  pressure loss coefficient is 

(2.18) 

Since the losses are inverse ly  proport ional  t o  the square of 

the contraction ratio, (-) , it is desirable to Csve a l a r g e  

contract ion ra t io  -for power economy. 

2 
Di 
DO 

2.5 - 'i'urblilexe 
One of the most important q u a n t i t i e s  which affects 

iaeasurements i n  a wind tunnel  is the turbulence or unsteady 
motion superimposed on the mean f l o w .  I n  order that simula- 

. t i o n  of free f l i g h t  m i g h t  be properly made, it is desirable 
t o  reduce t h e  turbulence in the test sec t ion  to a minimum. 

The effect of increasing the turbulence i n  the test sec t ion  
is to increase the e f f e c t i v e  Reynolds number. A higher 
Reynolds number tends to produce -natural  turbulence. 
boundary l a y e r  t r a n s i t i o n  poin t  on a model w i l l  mve f o m a r d  
with increasing tunnel turbulence and produce a turbulen t  
boundary l aye r  over a larger portion of the node1 wi th  pro- 
nounced changes i n  t h e  force and moment coef f ic ien ts .  The 
separation c h a r a c t e r i s t i c s  of some models w i l l  be markedly 
changed with increased tilnnel turbulence> p a r t i c u l a r l y  at 
low Reynolds kwibers where lairiar separat ion is exwcked. 

The 
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The l e v e l  of turbulence in a w i n d  tunnel  can be ekpressed 
as the ratio of the man velocity. f luc tua t ions  to freestream. 
velocity.  
tuatioas i n  the three coordinate d i r ec t ions  aze equal: 

For i so t ropic- turbulence  t h e  roean ve loc i ty  f luc -  

- _  

The turbulence l e v e l  cm then be defined as 

(2.19) 

(2.20) 

where Vo is the mean tunnel  ve loc i ty ,  

The turbulence nay be found by aeasuring t h e  cri t ical  
Reynolds n m b e r  of a sphere at which the &a 
decreases sharply,  This critical Reynolds number of a sphere 
at which t h e  drag c o e f f i c i e n t  decreases sfiarply. 
ical Reynolds number depends s t rongly  on t h e  turbulence 
level i n  the tunnel. A high i n t e n s i t y  of turbulence leads 
to boundary l a y e r  t r a n s i t i o n  a t  low Reynolds num5ers, caus- 
ing  t h e  separa t ion  po in t  to move downstream and thus 
decreasing the w a k e ,  which i n  turn redilces the drag. The 
cri t ical  Reynolds n&er f o r  a sphere i n  free flisht $as 
been measured to  be 385,000.  The turbulence factor is 
defined as 

c o e f f k k r &  

T h i s  crlt- 

2 

385,000 7.F. = 
Re, 

(2.21) 

where Rec is t h e  cri t ical  Reyaolds nmber at which t h e  sphere 
drag c o e f f i c i e n t  equals 0.30. The e f f e c t i v e  Reynolds number, 
Re,, in t h e . t e s t  section is defined as 

(2 .22)  
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The effective Reynolds number thus  iscreases w i t h  increas ing  
turbulence level. The r e l a t i o n  between the turbulence 
factor and turbulence level is shown in figure 6. 

buleace l e v e l  can be measured using hot w i r e  techniques. 
These are described i n  a la ter  sect ion.  

The tur- 

2.6 Turbulence Reduction 

level i n  the test sec t ion  involve the use of screens and 
The conventional methods for reducing the turbulence 

honeycomb. 
dependent on the screen pressure loss c o e f f i c i e n t  
defined as 

The effect of a screen on the turbulence is  
K 

A? K =. kpv '  (2  . 23) 
where AP is the pressure drop across-the screen and 1/2 p$ 
is the dynamic pressure of the f l o w  through the screen. 
C o l l a r  

velocity,V;, is reduced as 

6 has shown t h a t  the f l u c t u a t i n g  axial component of 

(2.24) 

where Vux is t h e  f luc tua t ing  ve loc i ty  downstream of the screan 
and Vx t h e  f luc tua t ing  ve loc i ty  ahead of t h e  screen. The 
f luc tua t ing  component disappears downstream of t h e  screen for 
K = 2 .0 .  
f luc tua t ions ,  whose mean is  zero, decrease as 

7 Batchelor has  shown t h a t  the mean square ve loc i ty  

(2.25) 

- - 
2 where Vx a n d . V k 2  are t h e  mean square a x i a l  tu rbulen t  f luc-  

tua t ions  upstrean and dowr.stream of t h e  screens, respect ively.  
From this V: vanishes for K = 2.5 which is comparable to t h a t  

trsnsverse commnents is 

- 
. required for steady flow..  A s i m i l a r  expression for the 
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which ir..%cates t h a t  the t ransverse coniponents are less reduced': 

e x p r b e z z t a l l y  tha+ t h e  i n t e n s i t y  of kurbulence i s  reduced 

.% . .  a&. --*. -..= - _- yxial coxpnent .  Dryden aad ShuSauer8 have shown 

(2.27) 

.They have also shown &&at the turbulence is further reduced 
if several screens are used w i t h  the same to ta l  p r e s s u e  dro? 
as for 0r.e screen. If n is the number of screens,  each 
w i t h  a'pressure drop K, "&e turbuleace is red\iced by 
.. 

-.. 7' - 
. . _. - . "IT . .. 
...- - 

(I -c K p  
as coinpared t o  

T' \ - =  
I' (\+ fl K)YC 

L 
(2.28) 

(2.29) 

for a s i n g l e  screen w i t h  the sane to ta l  loss  coef f ic ien t .  It 
is therefore  advisable to use several screens for a given 
to t a l  pressure drop coef f ic ien t .  

The use of honeycomb in reducing the wind tunnel turbu- 
lence appears t o  be p r i n a r i l y  effective i n  reducing the  
transverse coxpnen t s .o f  ve loc i ty  f luc tua t ion ,  more so &&.ran 

- t h e  a x i a l  components. This  tends to complement t h e  lesser 
effectiveness of the screens t o  reduce t h e  t ransverse 
coinponents of veloc i ty  f luc tua t ions  (equation (2 .26) ) .  

The co4rrbined use of screens and honeycoinb w i l l .  provide a 
reduction of turbulence i n  t h e  tunnel.  Their loca t ion  should 

'be i n  t h e  region of least  ve loc i ty ,  ahead of the  tes t  section 
both t o  reduce the tunnel pressure losses and t.he ...u zit ' Xeynol6s 
number .in t h a t  region. . , 

2.7 T e s t  Section Boundarv Layer Growth 

t i o n  w a l l s ,  t h e  flow veloc i ty  will increase along the krbsth 
of the test sec t ion  for a cozstant  area test sectioa. If 

Due to t h e  growth of the  boundary l aye r  on the test  sec- 
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miforin velocity distribution is desirable along the test 
section length, the cross-section area nust be gradually 
increased along its length to allow for the boundary grow* 
on tihe walls. 
the boundary layer displacement thickness ( 6  ). 

layer displacement thickness versus length for various 
Reynolds numbers are tabulated in reference 3. 
noted thpt a choice of w a l l  divcxgence will be proper for 
only one t e s t  Reynolds nulnber. 
used f o x  the entire test section based on a Eean 'value of 

The divergence of the walls should be equal to * 
Experimental data for,obtaining values of boundary 

It should be 

A constar*t ta;?er is usually 

Zeynolds number. 

ORlOtNAL PAW IS 
OF )IoOR QUALITY 
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CHAPTER ' 3 

L'IND TUNNEL CONSTRGCTION 

3.1 Canstruction of Wind Tmnel  Con$onents 

Ai? open c i r c u i t  wind tunnel  w a s  designed and cos: :teC 
incorporating f ea tu res  discussed i n  Chapter 2, The as ? ed 
wind twinel attached to  t h e  magnetic balance is shown i n  
f igure  7. A sketch of the assenbled tunnel  5.n f igu re  8 shows 
the overa l l  dimensions and conrponents. A brief descr i2 t ion  
of t h e  tunnel  components, as w e l l  as the Aerophysics 
Laboratory drawing numbers, is given below. 

a,) . Test Sc'ct'ion (0-8-868, D-8-871, D-8,873,. 3-3-883)' 

. The test sec t ion  w a s  designed to  be coinpatible with 
t h e  magnetic balance. Transparent p lex ig lass  w a s  used i n  
i t s  construction to provide viewing of t h e  model. An 

octagonal cross sec t ion  was chosen t o  optimize the available 
space in s ide  t h e  balance while a t  the same t i m e  providing 
piane surfaces  on the w a l l s  to elimir?ate o p t i c a l  d i s t o r t i o n  
of t h e  model. 
wal ls  t o  allow for boundary layer  growth. 
is supported in s ide  the magnetic balance with flanges 
attached a t  ei ther end of the  balance. 4 frame w a s  con- 
strccted t o  hold these f langes when t h e  t w n n l  is operated 
i ; i t 3 O U t  t h e  magnetic b a l a c e .  

The t e s t  sect ion has a constant  caper on its 
The t e s t  section 

b.) Contraction Section and S t i l l i n g  Section (Dw<;s 
2-8-872, D-8-864, D-8-880) 
The contract ion sec t ion  and s t i l l i n g  section were 

zade OS wood (p ine) ,  azzd both have octagonal c ross  sect ions.  
A 20:l contraction ratio section was BesiSned using co:.toiirs 
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s i m i l a r  to'.those recomnended by Tsien' at t h e  small  end cf 
t he  contract ion sec t ion .  
th ree  screens (aO-mesh, 0.016 i n .  w i r e )  an2 a 2-inch 1- . 
honeycon5 sec t ion  with 1/4-inch cells. The s t i l l i n g  . S C . ~ - -  

' tion has a *aired i n l e t  t o  c-;oid  ai^ abrunt  boi:n.-lzry k.0 the 
iiicorciris f l o w .  
r o l l e r  t r acks  to permit fore and a f t  noveaent wi:-;: respect 
to ti.e t e s t  section. The cc. .-raction sec t ion  is jo ined  t o  .:.- 
the test s e c t i o n  by a mating f lange  a d  t h r e e  snap-clzinps 
which compress an O-ring, thereby s e a l i n g  t h e  j o i n t .  For- 

ward iaovement of "he i n l e t ' s e c t i o n  provides access to t h e  
t e s t  sect ion.  

The s t i l l i n g  sec t ion  conta ins  

Both sec t ions  are mounted on a s t a n d  with 

c.) - Diffuser  (Dwy E-8-881) 
The d izzuser  was made of wood (mahogany) snd is 

octagonal i n  cross sec t ion .  A constant  divergence angle  of 
So between o p w s i n g  w a l l s  w a s  used. The d i f f u s e r  a t t aches  
t o  the dowfistream t e s t  sec t ion  f lange.  The d i f f u s e r  exit 
matches t h e  f a n  i n l e t  with a 9.5  in .  inscribed radius .  
Couplinq between the d i f f u s e r  e x i t  and fan  i n l e t  is accom- 
p l i shed  by t h e  use or' t w o  i n f l a t e d  rubber kubes which are 
compressed between f langes  on t h e  fan  and d i f fuse r .  This  
provides an air- t igh? s e a l  between t h e  t w o  as w e l l  as 
v ib ra t ion  i s o l a t i o n .  Three access hatches are located 
along t h e  d i f f u s e r ,  and a coarse screen (2-mesh) 5s loca ted  
at t he  d i f f w e r  end to protect, tlie fan.  

d . )  Pot ter  P l a n t  (Dwg D-8-885) 
A c e n t r i f u g a l  blower dr iven oy a 20 h.p .  d i r e c t -  

ciirrent motor provides t h e  power to t!re tuxiel. The b l G w e r  

i s  inounted on an e leva ted 'p l a t foxn  with t h e  ~ G A  d i schars icg  
throug\ t h e  platform and inter a b a f f l e .  

3.2 Powsr Requirezcnt Estimate 

using t h e  nethods described i n  Chapter.2.  
f o r  vGrio\;s .',ass flow rates through t k e  t es t  sectioa is 

The power r equ i r e ren t s  lor the t u r a e l  were c a l c a l s t e d  
The r e q i i r e d  ?rJwer 

s?,G~z i n  5i5iire 9. rn." *,,e tiir,zel zaciri,i.ii. 2 y z ~ , l c  ?ress~;re 



could 
a 108 
p o w e r  

be increzised .!roan 1.3 Ib/sq. in. to 2.5 lb/sq. in. with 
cost  increase for  the d r iv ing  uni t .  
versus mass f l o w  rates for the extended tunnel operG: 

The add i t iona l  

t i o n  is also shown i n  figure 9. The required fan pressure 
rise versus' mass flaw is shown in figrve 10. 

S.3- Wind - Tunnel Energy R a t i o  E s t i m a t e  
The tunnel energy ratio 2efined i n  equation (2.9 ) is 

shown i n  figure 11 f G r  vaxio*;s mass flow rates. 

3.4 Fan' Select ion 
. The far chosen for this tunnel is a cen t r i fuga l  fan, 

type No. 20 SrSW, macie by &the Chicago Blower Corporatioa. 
??>e operating c h a r a t a r i s i i c s  of the fan are shown in 
figure 12 ,  as w e l l  as the estimated t i i e i  operat ing require- 
Aeats. 

2 - 5  ;*tor Select ion 
__c 

A 20 h.p. direct-current  motor was selected to drive 
cent r i fuga l  blower. 
General Electric Company. 
i s  3660 r.p.m, 

The mtor is a type CD-85 raada by the  
The maximum speed for t h i s  mtor 

3.6 -- Cons t sx t ion  of Power Su9ply and Xotor Speed Control 
IA o n i s  t c  have notor speed cont ro l  f r o m  zero t o  3600 

revolutions per minute, two separate  p o w e r  suppl ies  w e r e  
designed. The suppLies provide a variable voltage to the 
motor arinature and f ie id  windings, respectively.  The mtor  
windings for t h e  type used i n  'his wind tuii.el have a . 
"stabilLzed shmt" arransenent shown in f igu re  13, The 
mtor speed can be iacreased by increasing t h e  arinature 
current  o r  decreasing the field current .  The power sup;?ly 
block diagram Is shown i n  figure 14 a?d was desiged to  
convert the  a v a i l a l e  3-phase 440  v o l t  power l i n e  i n t o  t w o  
variable voltage direct-current  power suppl ies  for t h e  
Amtor. The p o w e r  su?plies a r r  'escribed below. 
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a.) Motor Armature Power Supply 
The power supply for the -ture windirags can pro- 

vide a d u m  of 230 v o l t s  at 115 ainperes direct current to 
the windings. The outpu‘c voltage caii be varied 2raap 0 - 230 
volts by manually ro t a t ing  a wheel attached to  a 3-phase 
var iab ls  trasforaer. 

b.). Motor Field Power Supply 
The power supply for the =tor fie16 windinss can 

provide a maximum of 230 volts at 0.835 amperes direct 
current to the windings. 
speed beyond the base speed 05 1750 r.p.Iil.. a series v&ri- 
able rheostat is used to decrease the f ie ld  c-uzeat, theraby 

increasing the motor sped to 3600 r.p.m. 
c.). Control Circuit For Power Supply 

in order to  increase *&e motor 

A control network w a  designed for the notor powar 
s u p ~ l y  to provide the safety Zeatues needed to preva3t 
overloading of any p a r t  of- the c i r c u i t .  
circuit diagram is shown i n  f igure  15. 

The con’dol network 

4. 1 !j--?IW ... ‘pd! -+~i ! !w!  y- 

h taclioiaeter is coupled to the xiator shaft t o  pro- 
vide the motor (and fan) speed. The motor speed can se read 
on the power su;?ply console by neans of a voltmeter. 
ca l ibra t ion  of mtox speed versus tachoneter voltage is skown 
i n  figure 16. 

A 
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4 .1  I n i t i a l  Operation - 

a series of tests w e r e  performed to obta in  a tunnel calibra- 
t i o n  and evaluation of its performance. 
ments indicated ?hat a static pressure of approxha te ly  2.5 

lb/in.* below anbient pressure could be obtained at n;aximUn 

fan speed. This value w a s  cseful i n  deterzpinhg L\e neces- 
sary range of press-are-maasuring equipment aeeCed for the 
-tunnel calibration. 

Following the assembly of the various tunnel  cosponsnts, 

Pre1imir.q ;;lesswe- 

4.2 . Static Press'are' Measurements 
The test sec t ion  static pressure w a s  measured along its 

length by means of n ine  s ta t ic  press-=e orifices i n  t h e  test 
sec t ion  w a l l .  The stat ic  pressure orifices w e r e  ,020 i n .  dia- 
meter holes  d r i l l e d  through t h e  test sec t ion  w a l l s  and 
&spaced 4 in. apart along the t e s t  sec t ion  length. A 

0.125 in.  diameter spotface 0.188 in. deep OA t he  test 
sec t ion  outs ide surface was made with copper tubing ( 0 . 5 0  in.  
long) epoxied i n t o  each spotface. 
each s t a t i o n  was read oa a 50-inch m a o a e t e r  rack. 

The static pressure a t  

4.3  Total Pressure Xeasu rexen t s  
The total ,  or stagnat ion,  pressure i n  t h e  test  section 

was measured with a p i t o t  tube rake which spanned t h e  test  
sect ion.  
apa r t  and &=le from 0.35 diameter hypodermic ttibing. 
rake could be attached at various locations along the  t e s t  

section wall. 

me rake consis ted of seven p i t o t  tubes spaced 1 ir.. 
The 

The pitot r&e was attached to a r a o a t e r  
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bank w i t h  which the variation of -tal pressure across the 
test section a u l d  be measured. 

4.4 Dy namic Pressure Measurement 
Tne test section dynamic pressure can beobtained f r o m  

knowledge of the total and s'dtic pressure in the test 
section. Using the fseiitropic relations for s t e a ~ y  flow, 
me obtains *the following equation . for the flow m ~ h  10 - 

(4.1) 

where Po is the to ta l  pressure, Ps the static pressure and 
a the specific heat ra t io  (for a i r  y. = 1.4) . Substituting 
the following relations 

. one obtains 

where 1/2 pq2 is the  dynaxic pressue, 
than d m )  equation (4.3) can be expanded to give 

For values of M less 

Using y = 1.4 for a i r  one obtains 

As the Wach number a?proscfies zero, the above equation reduces 
to the incompressible Gernoulli equation 

( 4  6) 
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An in te res t ing  result from equation (4.4) is  that, for 
xach numbers up to 0.6, the  r i g h t  hm.d side of the  equatioa 
vaies  l inear ly  with the ratio PJP, to within 0.5%. T,?e 
-ation for the  dynamic pressure 

a 
reduces 

which is expzessed as a functi.3.: of  only the  total  and 
static pxessures. 

4.5 Llyllamic Pressure Variation Across Test Secaon 

L'sing the pitot tube rake, the dynamic pressure v x i a -  
t i C i A  across the test sect ion w a s  measured-at t h e  test 
sect ion i n l e t  and exit, 

a t  '%e t w o  s t a t ions  i s  sbawn i n  figure 17. .The x&li)ruiil 

variat ion a t  bo"& s t a t i o n s  is within 0.2% of the mean 6pana.i~ 

The var ia t ion  of dynanic pressure 

pressure. 

4.6 Axial Dynamic Pres'sue- Variation 

axial position corresponding to t he  locat ion inlet static 
pressure t ap  (X = -16 in.) and exit static pressure tap 
(X = +16 in.) .  The difference between the i n l e t  md exit 
d y n a i c  pressure is shown i n  fisure 18 as a percent 05 the 
dynamic pressure at the center (X = 0) .  The dynamic 
pressure along the test section decreases i n  che 6owns'- eaiz 

direct ion,  indicat ing a s l i g h t  overexpansion of the  test  
sect ion w a l l s .  
i n l e t  t o  e x i t  is approximately 29 a t  t h e  iriaxkium tunnel 
dynamic pressure. This corresponds t o  a variat ion of 0.C63f 

per inch i n  dynamic pressure. The overexpansion of the t e s t  
sect ion walls can be reaedied, if necessary, by t h e  addi- 
t i on  of taper  s t r i p s  along t h e  test sec t ion  corners. 

The dynamic pressure was measured at t h e  test sect ion 

The var ia t ion of dynamic pressure from 

4.7 T e s t  Section SDeed S e t t i n 3  

t s s t  sec t ion  while a I;;odel is being t e s t e d ,  ft fs f;;ipractlcal 
In  order to deternine the dynamic pressure t i i roqh  <?e 
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t o  insert a P i t o t - s t a t i c  tube i n t o - a e  tunnel, s ince  it wozld 
both i n t e r f e re  w i t h  the f l a w  over the e e l  and its reading 
would be affected by the pzesence of the model. A standard 
r;rethod to determine the test section O y n d c  pressure is by 
measuring the difference i n  static pressure between two loca- 
t ions  on the contraction section. 
'he taps on the  contraction sect ion and the test sec t ion  
dynamic pressure is obtained8 '&e tunnel speed can be O e t e r -  
mined in subsequent tests by measurement of the static pressure 
difference. 

Once the re l a t ion  betweea 

. Two pressure taps w e r e  i n s t a l l e d  i n  the contractim sec- 
t ion,  and a aicronimometer w a s  used to measurre the -p res su re  
difference, The microxmnometer f l e d  used was "Meriam Red." 
A calibratior.  of 'this f luid is shown i n  figure 19. 
resolution of the micromanoneter is' 0.001 in ,  The test sec- 
t ion  dynamic pressure was zceasured a t  its centerlhe (X = 0 )  

using the methods described in sections 4-28 4 . 3  and 4.4. 

The test sec t ion  dynamic pressure versus s ta t ic  pressure &if- 
ference (APset) is shown i n  fiqwe 20 .  

t i on  w a s  f i t t e d  t o  the ca l ibra t ion  to give the following 
r e l a t ion  for test  sec t ion  dynaaic pyessure i n  lb/sq. in. 

The 

A second order eq.ia- 

where APset is in lb/sq.. in: 
lb/sq. in .  is obtained by multiplying the apgropriate f l u i d  
density (from f igure  1 9 ) - b y  the iaeayured he ight  of nanometer 

The pressure difference i n  

f luid.  
The maximui i  test sect ion ciynanic presscze is q?roxf- 

Tnately 2.6 lb/sq. i n .  for zero blockage. 

I - . ,  . . ! ' I ,  1 ' .  ' .  I ,  . ,  :: 1 * 1 t ' )  : I!* I I a _ _  i * : a i  
I &  

tinuous variation of fan spccd From Ycss t l i m  2 r.p.ni. "co 
3000 r.p.m. Adequate contro l  of zotor s p d  c k m p s  cis La 

obtained using the 20-inch wheel on the mtor s?eed co;;krol 
~ 
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with approximately 180. r o t a t i o n  for maximum tunnel speed. 
Ziis corresponds to spproximately 3 ft /sec/degree. .  

The micromanoiaeter used for speed s e t t i n g  provides a 
aeasurenent of test sectioa dpaa ic  prcssure wi- a reso lu t ion  
of *0.0005 lb/in. . 
of i7.8 ft /sec.  

2 This  correspzds to an error in veloc i ty  

4.9 Turbulence Measurements 
The turbulence l e v e l  i n  t h e  test sect ion was measured 

using a hot w i r e  metinod. 
-it used a d  data reduct io i  is presented i n  Apperdix A. 

iaeasured turbulence is shown in figure 21 f o r  severa l  tiinnel 

speeds. 
wi'ri.r a s ing le  w i r e ,  so that  the ineasured turbulence represents  
only tile longi tudinal  and v e r t i c a l  ve loc i ty  f l u c t i a t i o n s  due 
to the or i en ta t ion  of i;?e w i r e .  Denoting the axial and v e r t i -  
tal ve loc i ty  f luct i ia t ion by < and Vz.,. the iaeasured fluc:\iation 

.A d e t a i l e d  descr ip t ion  of t h e  equip- 
The 

I t  should be noted that t h e  measure;aents w e r e  -de 

- 
is 

(4.9) 

r'or i so t rop ic  turbclence i n  the .test sect ion,  as defined i n  
section 2 .5 ,  t he  turbulence level would be 

The measurements w e r e  iaade ovsr  a fxequency band of 10  - 5000 

cycles per  second. The f luc tua t ing  coiaponent of w i r e  voltage 
could be doubled by increasing t h e  kequency band to lO,OOO 
cycles per  second. Sowever, ';?e major port ion of t he  noise  
i n  t h e  frecpency range betsveen 5,000 and lO,COO cycles was 
due t o  t h e  w i r e  support  which was r in s ing  at approximately 
8,000 cycles.  
phone to be of t he  saize fzesuerrcy as that observed oa the 
wire octput  voltage with a s p e c t r a l  analyzer. 

The audible r ing ing  was v e r i f i e d  with a micrc- 
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A qualitative indication of the l w  turbulence level in 
the test sect ion can be inferred from measurements w h i c h  show 
that  the boundary layer OA the test  section walls is laminar. 
'ibis aspect is described i n  section 5.3. 
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EVALUATION OF TUNNEL PE,WOMANCE 

5.1 Comparison of Wind Tunnel Performance w i t h  Predicted 
Perforinace 
The design of the wind tunnel,  and i n  p a r t i c u l a r  the 

fan and =tor se lec t idn ,  was based e n t i r e l y  on ca lcu la t ions  
descriiied i n  C h s p t e r  2. The rel iabi l i ty  of these calcula- 
t i o n s  is, tlerefore, an i n p r t a t  cor,sideration, s ince  they 
can u l t imi t e ly  affect the wind -me?. Wrfomace. In addi- 
t i o n  t o  ca l ib ra t ion  and measur% .it of the c..:bule:..:.-: level 
i n  &&e test sec t ion ,  zeasureineaks w e r e  made of v a r i o ~ s  tunel 
parameters and compared with predicted values. 

5.2 Pressure Losses' in' the' Effuser  
Tie pressure losses in the s t i l l i n g  sec t ion  and contrac- 

t i o n  sec t ion  (effuser) w e r e  measured with to ta l  pressure 
rake (sect ion 0 . 3 )  a t  &&e Contraction sec t ion  '-exit.. . The - t o t a l  
pressure w a s  measured relative to t h e  anbient  (test room) 
pressure and t hus  indicated t h e  l o s s  i n  total  pressure. 
The predicted and measured pressure loss coezficient for 
the e f fuse r  is shown i n  f i g u r e  22. 

with the predicted values for one tes t  sec t ion  dynamic pres- 
sure.  The deviation of the pressure l o s s  c o e f f i c i e n t  
obtained experimentally from '&st predicted is  probably due 
to variation of the screen pressure loss coe f f i c i en t  with 
veloc i ty  i n  t h e  s t i l l i n g  sec t ion  (see figure 3). T h i s  w a s  
n a t  taken i n t o  account in the orir;.zal ca lcu la t jons ,  s ince  
it represents  a 2% change i n  *e t o t G I  tunnel  pressure l o s s  
coef f ic ien t ,  In  addition, the accL-acy of the screen loss 
coe f f i c i en t  for a Siven mesh s i z e  is  wi';hin the e r r o r  i a t ro -  

The r e s u l t s  obtained agree 

dGC& by OZl iSSiOa O f  u b i 6  effect. 
~ ~~ 
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5.3. T e s t  Section Losses 
Tine losses i n  t h e  tes t  section w e r e  obtained by measuring 

t h e  static pressure along the test sec t ion  w a l l s .  Assuming 
a l a i i i n x  bomdary growth along the tes t  s e c t i o n  w a l l s ,  t h e  
ca lcu la ted  pressure losses are 
the rizasared pressure losses (r'igure 23). The test sec t ion  
t&?er, which w a s  designed for a t u r b c l e a t  boundary l a y e r  
QZOW"&, provides aore expansion tfian is necessary for a 
lai i inar boundary l a y e r  growth. This is r e f l e c t e d  by a 
6ecrease i n  dynamic pressure along the test  sec t ion  (see sec- 
t i o n  4.6). 

losses i n  laminar flow!', one can obta in  S00d agreemat w i t h  
r e s u l t s  obtained with equation (2.16), provided an i n i t i a l  
value of boundary l s y e r  "Aickness is assumed a t  the start 
of the test sec t ion .  

very good a~reexzsnt with 

Using the exac t  methods for coinputing &&e pressure 

5.4-  Diffuser Perfornance 
The primary consi6ers t ion i n  t h e  d i f f u s e r  perfornance 

is t h e  p o s s i b i l i t y  of flow separat ion along its length,  
s ince  t h i s  would incur  addi t iona l  pressure losses not  accounted 
for i n  t h e  ca lcu la t ions  ( sec t ion  2.4b). To ind ica t e  poss ib le  
separation i n  t h e  d i f f u s e r ,  static pressure t aps  w e r e  loca ted  
along i ts  length. Xeasurements of s t a t i c  pressure were made 
over t h e  e n t i r e  tunnel speed range with no evidence of 
separat ion along t h e  d i f fuse r .  
pressure p l o t  i s  shown i n  f igure .24 ,  i nd ica t ing  no discon- 
t i n u i t y  i n  the  curve. 

Keasureinents of pressure l o s s e s  i n  the  d i f f u s e r  w e r e  
n o t  made, s ince  these  are re f l ec t ed  i n  the  t o t a l .  ?owex.- 
required measurements and o v e r a l l  pressure losses  f o r  the 
c i r c u i t  . 

A t yp ica l  d i f f i l se r  recovery 

5.5 Fan Pressure R i s e  

The s ing le  parameter needed to obtain t h e  power required 
znd wind tuimel energy ratio i s  the fan stat ic  pressure rise, 

. hP,  as a =unction of inass flow through the test  section. 
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T a b l e s  of fan c h a r a c t e r i s t i c s  w e r e  nade ava i l ab le  by the 
manufacturer f r o m  which the fan pressure rise could be 
obtained. The mass flow, measured at t h e  test sec t ion  and 
the  fan speed where t h e  t w o  q u a n t i t i e s  necessary to deter- 
a i n e  *e fa- pressure rise. A p l o t  of fan c h a r a c t e r i s t f c s  
with L?m zeascred tunnel paraxeters  is  shown i n  f igu re  25. 
The fan pressure rise versus m a s s  f l o w  is shown i n  f i g u r e  
26, and comparison with the predicted tunnel  pressure losses  
f r o m  figure 10 sh&s exce l l en t  agre&t for the zero block- 
age. r e s u l t s .  

5.6 Power Requirements 

a knowledge of the  fan pressure rise and nass flow using 
equation ( 2 . 8 )  . The required rotor brake-horsepower is 
the  p o w e r  divided by t h e  fan e f f ic iency .  The measuzed and 

The p o w e r  required for the  tunhel can be obtained froin 

calculated power requirements are shown i n  f i g u r e  2 7 ,  again 
showing exce l l en t  agreement between the measured and pxe- 
dic ted  values. 

5.7 Er.erqy R a t i o  
The energy Satio as defined i n  equation (2.9) is a 

measure of tunnel  eff ic iency.  
values of energy ratio are shown i n  f i g u r e  28. 

The measured and predicted 

5 .8  Fan Eff ic iency 
The fan chosen for t h e  tunnel w a s  selected t o  provide 

operat ion of the tunnel near maxinun fan  eff ic iency.  
fan characteristics for t h ree  se l ec t ed  niass flows a r e  show. 
in f igu re  29, ind ica t ing  the  wind-tunnel operat ing poin t  at 
these mass f l o w s .  As can be seen f r o m  t h i s  graph, the  
tunnel opera tes  near  t he  maximum fan ef f ic iency  over t h e  
e n t i r e  range of tunnel speeds. 

The 
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CHAPTER 6 

COXCLUSIOXS AND RECOMMENDATIONS 

6.1 S*Jr;rmary o€ Wind Tunnel Desiqn and Construction 
An open circuit wind tunnel w a s  designed and constructed 

for use with a magnetic suspension system. 
the design w e r e  t o  make  a l o w  cost ,  high e f f i c i ency  wind tun- 
n e l  with inplementaticn of inethods for redact ion of turbulence 
ir. t he  tes t  sect ion.  The selectioa of &the fan and motor for 
the wind tunnel  w a s  based on ca lcu la t ions  discussed i n  &&e 
text and chosen to provide fan operation near  its maximum 
eff ic iency.  
designed which provides continuous notor speed var i a t ions  
from 40 t o  3000 r.p.m. 

a\in dynamic pressure t o  be 2.6 lb/in2 for zero blockage a t  
a maximum Reynolds number of 5 x 10 
of 0 . 5 5 .  

The Goals i n  

. .  

A power supply for  mo';or speed cont ro l  was 

Calibrat ion of the  tunnel t e s t  sec t ion  showed t h e  maxi- 

6 .  per  foot and Kach number 

Measurements were made t o  compare tunnel operating 
characteristics with caiculat ions -and found these to  be i n  
exce l len t  agreement. 
over the e n t i r e  tunnel speed range. 

The t m n e l  energy r a t io  was predicted by ca lcu la t ions  
and measured t o  be approximately 6 . 0  a t  ha l f  naximm speed 
(230 ft/sec). 

The test sec t ion  turbulence l e v e l  w a s  measured with a 
hot-wire and found to  be less than 0 .26% fcr freestream 

6 Reynolds numbers below 1.9 x 1 0  The test  section 
velocity for this level of turbulence was 300 f e e t  per second. 

The fan operates a t  maximuin e f f ic iency  

per  foot, 



29 

The methods for ca lcu la t ing  pressure losses and power 
requirements for subsonic wind tunnels are outl ined,  and 
coiipazison with neasureaents show them to be i n  e w e l l e n t  
agreenent . 
6.2 Wind Txnnel Ogeratiorl with a Magnetic Sus9ension S y s t s m  

The primary puiwse of t h i s  wind tunnel w a s  to  provide 
low cost operat ional  experienie and aerozynamic data with a 
magrretic susqension system. 
proved to be operat ional ly  reliable a d  s inp le  to operate.  
A substantial aiiount-of aerodynamic data has been obtained 
with this tunnel- and magnetic suspension system r’or wnich 
it was designed, &&e r e s u l t s  of which are published i n  t h e  

12,13 literature . 

The wind tunnel  has Llus far 
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APPENDIX A 

A . 1  H o t  W i r e  Conskruction 
The hot-wire probe used for messLring the t t rbu lence  

l e v e l  i n  the test  sec t ion  vas made w i t h  a 0.125 diameter 
hypodermic tubing. The support  pronss for t h e  w i r e  w e r e  
xiade from needles epoxied t o  the probe and spread approxi- 
mately 0.188 inc t e s  apar t ,  The w i r e  itself w a s  O.GO012 in .  
6iamet.er tungsten w i r e .  The w i r e  was coFL)er plated a t  tie 
erids, leaving apgroxinaitely 9.080 ir,. of unplated wire i n  
the  middle. The p la ted  ends w e r e  t h a  soldered to tFLs 

support  prongs. The support  prongs w e r e  elec' ' . .  con- 
nected to  two w i r e s  wnich were fed through static pre:.su.re 
t aps  i n  t h e  tunnel w a l l .  The probe i tself  w a s  m u t e d  an 
a stand attached t o  the tunnel  w a l l s .  

A. 2 Ins'truiientation 
A constant cur ren t  hot-wire anemometer system manufac- 

tured by Shapiro and Edwards (Node1 50) was used wit!! t h e  
hot-wire .  
output and contains t h e  following i t e m s .  

The system cons i s t s  of an a i ip l i f ie r  =or t h e  w i r e  

i.) Current Control Panel - provides currexit t o  t h e  
hot -wire  as w e l l  as switching c i r c u i t r y  for t h e  other 
com;?onents of t he  system. 

the mean w i r e  resistance, vol tage and current .  

mean-sqcare voltage f luc tua t ions  across the hot-wire. 

ii.) Bridge and Potentiometer C i rcu i t s  - used to  measure 

iii.) Mean-Square Meter (themocouple type) - measures the  

4 



31 

iv,) Sq'aarb-:+ave Generator - used for c a l i b r z t i n g  the 
square-.wter output  as w e l l  as to set t he  cozipnsation 

for t h e  hot w i r e  (d\;e to its t hem1  i n e r t i a ) .  

A, 3 - E o t - W i r e  Calibration 

Lesistsnce, R, acd veloc i ty  over the w i r e ,  V, has bee:. 
Fcr a given hot-wire *>.e relatior, b e a e e n  ths w i r e  

where i is the w i r e  cur ren t  and Xtg is the w i z e  'cold' 
resistance or unheated r e s i s t ance -  The constants A and B 
can be determined for a given w i r e  by measuring t h e  f l o w  
ve loc i ty  and t h e  w i r e  resistaxe a t  c o n s t a t  c u r e n t .  The 

ca l ib ra t ion  curve for the w i r e  used is shown i n  f i s a r e  A-1 

a t  t w o  d i f f e r e n t  heating curxents. The slope of each curve 
gives  the value of B 2roZ ecpatioa (A.1)- 

A. 4 - Eot-Wire  Xes-ponse to- Ve1ocit;r FPxtuations 
'Jsing equation (A . l )  for steacy flow a d  s u b s t i t u t i n g  - 

R = R + r and V = + Y ,  where r a d  v are f luc tua t iozs  w i t h  
zero mean value one obtains  

If the  f luc tua t lons  ic re s i s t ance  are snall  coqxe6  
. to t h e  man value of e.2 r e s i s t ance  (r << E) eqGation 

(A.2) becomes 

where e = ir. 
The root-xes-sqcare of the ve loc i ty  

J? - L  . ' Z S G  
0-5 B-yS(R'RgZ) -L.- 

V 
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masu-t of the root-mea-ssare voltage fluctuation 
of e e  w i r e  will give tie root-mea square velocity fluctGation 
once ee'wire has been calibrated as  described'in section A.3. 
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